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We report a compact fiber in-line Mach–Zehnder interferometer for refractive index sensing with high sensi-
tivity and precise sensing location. One arm of the interferometer contains a microcavity formed by removing
part of the fiber core near the core and cladding interface by femtosecond laser micromachining, and the other
arm remains in line with the remaining part of the fiber core. Such a fiber in-line Mach-Zehnder interferometer
exhibits an extremely high refractive-index-sensitivity of −9370 nm/RIU (refractive index unit) within the re-
fractive index range between 1.31 and 1.335. © 2010 Optical Society of AmericaOCIS codes: 060.2370, 320.7140, 230.1150.
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d. INTRODUCTION
efractive index sensors based on optical fiber have at-
racted increasing attention in research owing to their ap-
lications in chemical, biomedical, and environmental
onitoring. An optical fiber refractive index sensor can be
ealized by various schemes such as employing fiber
ragg grating [1–3], long-period fiber grating [4–6], inter-
erometer [7,8], and other interesting configurations
9,10]. In many cases, a fiber in-line Mach–Zehnder inter-
erometer (MZI) is of great interest because of its simplic-
ty, compactness, and relatively simple fabrication and
ignal detection [10–16]. Various types of fiber in-line MZI
tructures have been developed, including a long-period
rating pair [11–13], and a tapered structure has been in-
roduced in both a conventional single-mode fiber (SMF)
nd in a photonic crystal fiber (PCF) [10,14–16]. However,
uch MZIs are based on interference between the funda-
ental core mode and the higher-order cladding mode,
ith size of typically in the order of millimeters or centi-
eters, and have very small effective refractive index (RI)
ifference between the core mode and the cladding mode
0.01. This essentially limits their applications in some
ases where RI variation needs to be precisely located.
Recently, C. Grillet and P. Domachuk et al. have pro-
osed a compact single-beam microfluidic MZI of which
he optical path difference (OPD) is achieved through
ight propagation across a fluid–air interface [17–19].
his type of MZI exhibits high compactness and tunabil-
ty and shows an extinction ratio of over 25 dB. However,
he configuration they proposed contains three individual
lements, with two sections of SMF functioning as light
aunching and output port, respectively, and one liquid-0740-3224/10/030370-5/$15.00 © 2lled capillary producing the OPD required, thus addi-
ional precise alignment is needed. The integration of
hese individual elements would be advantageous, which
ould be achieved in a single fiber by the use of femtosec-
nd laser micromachining.
The femtosecond laser is an efficient tool for many in-
ber optical device fabrications because of its fast and
ighly accurate material processing capability. By the use
f femtosecond laser, a number of microchannel and/or
icrohole and Fabry–Perot interferometers (FPIs) have
een fabricated in the fiber and used for RI sensing
20–23].
In this paper, we present a compact structure of fiber
n-line MZI fabricated by femtosecond laser micromachin-
ng. One of the interferometer arms contains a microcav-
ty created by removing part of the fiber core near the core
nd cladding interface, and the other arm lies in the re-
aining part of the fiber core. The interferometer exhibits
high RI sensitivity, −9370 nm/RIU within the RI
ange between 1.31 and 1.335. Moreover, a precise sens-
ng location can be ensured owing to the small size of the
nterferometer.
. MZI FABRICATION AND OPERATION
RINCIPLE
igure 1 shows the experimental setup for MZI fabrica-
ion. In the fabrication process, the femtosecond laser
ulses =800 nm with the duration of 120 fs and the
epetition rate of 1 kHz were focused onto the fiber by a
0 objective lens with a NA value of 0.25 and a working
istance of 7 mm. The group-velocity dispersion in the op-010 Optical Society of America
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Wang et al. Vol. 27, No. 3 /March 2010/J. Opt. Soc. Am. B 371ical system was minimized by the adjustment of the am-
lifier of the laser system. The pulse energy was adjust-
ble in the range between 0 and 1 mJ by rotating the
alf-wave plate (incorporated with the polarizer), and the
verage on-target laser power was maintained at
12 mW. The fiber used was a standard SMF-28 (from
orning) with the core diameter of 8.2 m and the nomi-
al effective index of 1.4682 @1550 nm. The fiber was
ounted on a computer-controlled three-axis (XYZ) trans-
ation stage of 40-nm resolution, in parallel with the Y
xis. The laser focal spot was located at the center of the
ber core, along the Y axis. During the fabrication pro-
ess, the fiber was shifted by 20 m away from the Y axis,
nd this position was set to be the jumping-off point. The
icrocavity of the fiber MZI was created by direct femto-
econd laser pulse ablation, scanning in parallel with the
-axis at a speed of 20 m/s, with the scanning distance
f 40 m and then returned to the starting point. This
ormed one scanning cycle. A CCD camera was used to
onitor the micromachining process and the morphology
f the cavity. A broadband light source and an optical
pectrum analyzer (OSA) with the resolution of 0.01 nm
ere connected to the fiber to observe the transmission
pectra in real time. After each scanning cycle, the focal
oint of the laser beam was moved towards to the fiber
ore along the X axis with a step of 400 nm before the
ext cycle started, until the expected transmission spec-
rum was obtained. The microcavity created was cleaned
ith methanol after the processing was completed.
The schematic structure, the optical microscopic image,
nd the scanning electron microscope (SEM) image of the
ingle-fiber MZI device are shown in Fig. 2. It can be seen
rom Fig. 2(a) that a MZI cavity is formed by removing
art of the fiber core near the core and cladding interface,
hich results in splitting of the input beam into two por-
ions, denoted by Iin1 and Iin2, respectively. While Iin1 re-
ains traveling along the fiber core, Iin2 has to propagate
hrough the microcavity, and the interference happens
hen the two output beams, Iout1 and Iout2, corresponding
o Iin1 and Iin2, respectively, recombine at the fiber core.
ecause of the low reflectivity at the laser-ablated cavity
urface, the multiple reflections of the cavity can be ne-
lected, and thus the MZI device can be characterized by
he well-known two-beam optical interference equation as
ig. 1. (Color online) Experimental setup. CCD, charge-coupled
evice camera; W, half-wave plate; P, polarizer; BS, beam split-
er; MO, microscopic objective; BBS, broadband light source;
SA, optical spectrum analyzer; XYZ Stage, computer-controlled
hree-dimensional translation stage.I = Iout1 + Iout2 + 2Iout1Iout2 cos2Ln

+ 0 , 1
here I represents the intensity of the interference sig-
al,  is the wavelength, and 0 is the initial phase of the
nterference. n=neff−ncavity denotes the effective index
ifference of the two interferometer arms within the cav-
ty, where neff and ncavity are the effective RI of the core
nd that of the cavity mode, respectively. According to Eq.
1), the interference signal reaches its minimum when the
ollowing condition is satisfied:
2Ln
m
+ 0 = 2m + 1, 2
here m is an integer and m is the central wavelength of
he mth order interference dip.
ig. 2. In-line fiber MZI fabricated by use of femtosecond laser
ulse irradiation. (a) Schematic of the structure (top view). D
epresents the removed size of fiber core; L is the cavity length;
inm and Ioutm (m=1,2) are the input and output optical intensi-
ies propagated in the fiber core and microcavity, respectively. (b)
ptical microscopic image of the microcavity (side view). (c) SEM
mage of the microcavity; the dashed white circle indicates the
ber core (cross-section view).
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ND DISCUSSION
n Fig. 2(a), D represents the maximum size of the re-
oved fiber core, which is the key parameter that can be
ontrolled to obtain the optimal fringe visibility of the in-
erference. According to the optical microscopic image as
hown in Fig. 2(b), the cavity length of the MZI device, L,
s measured to be 51 m. The removed size of the fiber
ore could be estimated as D=4.4 m according to the
EM image of the cavity cross-section demonstrated in
ig 2(c). The relatively large surface roughness implies
hat the laser power used was somewhat too high. A bet-
er surface quality could be achieved by optimizing the
rocessing parameters such as pulse energy and scanning
peed [23].
The output spectrum of the in-line fiber MZI with an
ir cavity presented in Fig. 2(b) at room temperature was
ecorded in Fig. 3(a) (dotted black curve), where an inser-
ion loss of 14 dB and the fringe visibility of 4 dB can
e observed. The relatively large insertion loss was
ainly attributed to two reasons: (1) the scattering loss at
he cavity border, where the surface roughness is on the
rder of a micron, (2) the loss of the unguided mode propa-
ated in the cavity. By carefully controlling the laser pro-
essing power and scanning speed, the surface roughness
nd hence the insertion loss may be decreased, however,
he unguided mode created loss might not be eliminated.
he insertion loss of the device can also be decreased
hen immersed into the RI liquids, probably due to the
educed RI difference at the cavity surface, which will
uppress the scattering loss.
The fringe visibility depends on three factors: (1) the
ize of the removed fiber core, i.e., D, (2) the loss of the
nguided mode in the cavity, (3) the absorption of the cav-
ig. 3. (Color online) Interference spectra of the in-line fiber
ZI. (a) Transmission spectra. (b) Wavelength shift versus the
I filled in the microcavity.ty medium. D determines the relative intensity of Iin1
nd Iin2, and the latter two factors determine the values
f Iout1 and Iout2. The highest fringe visibility appears
hen Iout1=Iout2. It turns out that an MZI device with the
ighest fringe visibility in air ncavity=1 would exhibit a
egraded fringe visibility in RI liquids due to the reduc-
ion of the RI difference, n, which causes the decrease of
he unguided mode loss and the interface scattering loss,
ithout considering the liquid-absorption loss. Assuming
hat the optimum visibility for the MZI is initially
chieved in air, when the device is immersed into the RI
iquids, the value of D should be reduced to maintain op-
imum visibility. On the other hand, if optimum visibility
s achieved for the MZI immersed in the RI liquids, then
uch cannot be maintained for the device in air. This
xplains why the 51-m cavity exhibits 4 dB fringe
isibility in air ncavity=1 while 9 dB in RI liquids
ncavity1.3.
To test the system response to the RI change, the in-
ine fiber MZI structure was immersed into a series of RI
iquids (from Cargille Laboratories) in the RI range of
.305–1.340 @489.3 nm with an interval of 0.005, and
he transmission spectra recorded had a resolution of
.1 nm. Each time after the liquid sample was measured,
he fiber device was rinsed with methanol carefully until
he original spectrum (i.e., the reference spectrum) could
e restored and no residue liquid was left inside the mi-
rocavity. The typical transmission spectra of the MZI de-
ice corresponding to the RI values of 1.31, 1.32, and 1.33
ere plotted in Fig. 3(a). The spectrum of 1.31 RI liquid
xhibited two resonance wavelengths of 1314.87 and
584.47 nm in the wavelength region of 1275–1650 nm,
nd the free spectral range (FSR) could be determined as
270 nm. The wavelength shift corresponding to differ-
nt RI values between 1.31 and 1.335 were demonstrated
n Fig. 3(b), where a linear fit of the experimental data
as implemented and an extremely high sensitivity of
9370.84 nm/RIU was obtained.
The linear response of the in-line single fiber MZI to
he RI in a fine scale was also investigated by filling the
avity with water and varying its temperature. The tem-
erature RI coefficient of the water is in the order of
0−4/ °C, much larger than that of fused silica (typically
n the order of 10−5/ °C). Figure 4 demonstrates the wave-
ength shift of the device versus the RI change between
.32770 and 1.33243, corresponding to the temperature
ig. 4. (Color online) Wavelength shift of the in-line fiber MZI
ith water filled in the microcavity. Water temperature is varied
etween 30 and 60 °C.
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Wang et al. Vol. 27, No. 3 /March 2010/J. Opt. Soc. Am. B 373ariation from 60 to 30 °C [24]. A total wavelength shift
f 43 nm can be observed, and the RI sensitivity ob-
ained is −9295.78 nm/RIU, which is in good agreement
ith the results obtained previously.
The essential difference between our MZI and those re-
orted previously [10–16] lies in the fact that our device is
ased on the interference of the guided mode in the fiber
ore and the unguided mode travelling through the micro-
avity. The effective index difference between the two
rms of the MZI is very large 0.10, which allows a dra-
atic reduction of the cavity length while maintaining a
igh RI sensitivity. Moreover, the position of the RI
hange can be precisely located due to the small size of
he microcavity.
Assuming that the cavity length is kept constant dur-
ng the experiment, the sensitivity can be derived from
q. (2) as
d
dn
=

n
. 3
his means that the sensitivity of an MZI device is deter-
ined by the effective index difference of the two interfer-
meter arms in the microcavity and is independent of cav-
ty length at precise wavelengths. According to Eq. (3),
he sensitivity of the MZI developed in this work was cal-
ulated as 9924.1 nm/RIU at 1570 nm for n=1.4682
1.31=0.1582, which is close to the experimental results
btained.
The FSR of the interference dip of interest is deter-
ined by the cavity length, L, as
FSR =
2
nL
, 4
hich is determined by the OPD nL of the two arms of
he MZI device at a given wavelength. Taking the 51 m
avity length as an example, the FSR around 1550 nm is
pproximately 105 and 362 nm for an air-filled cavity and
1.32 RI liquid-filled cavity, respectively, which is in ac-
ordance with our experiments demonstrated in Fig. 3(a).
The detection limit (DL) can be determined with the
mallest detectable change in resonance wavelength (R)
nd the sensitivity (S) by DL=R /S. White and Fan [25]
ave given a heuristic formula to estimate DL taking into
ccount the signal-to-noise ratio (SNR), full width at half-
aximum (FWHM) value of the resonance, thermal noise,
nd the OSA resolution. In our device, R is dominated by
he FWHM value of the interference fringe, which is mea-
ured to be 80 nm. Assuming a SNR of 50 dB, DL was
alculated to be 3.010−4 RIU. DL could be further de-
reased by optimizing the interference fringe visibility of
ur MZI device, since the FWHM value of the fringe
ould be dramatically reduced with the increase of the
ringe visibility.
The fiber in-line MZI developed would be attractive in
ptical fiber sensors owing to its simplicity, compactness,
nd extremely high sensitivity. Further efforts should be
ade to implement this structure in practical sensing ap-
lications. For instance, the cavity could be microma-
hined into a through-hole form to facilitate the liquid ex-hange in an optofluidic device, and the surface roughness
f the cavity should be decreased to suppress the insertion
oss of the device.
. CONCLUSION
n conclusion, we have demonstrated a simple and com-
act fiber in-line MZI structure for RI measurement with
xtremely high sensitivity and precise sensing location.
ne arm of the MZI contains a microcavity created by
emtosecond laser micromachining to remove part of the
ber core and cladding, and the other remains to be con-
ned to the fiber core. The system has good operation lin-
arity, and the sensitivity obtained is −9370 nm/RIU in
he 1.31–1.335 RI range. Such a fiber device has high po-
ential in chemical and biological sensor applications.
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